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EXECUTIVE SUMMARY
More than 172 million people are influenced by a retinal disorder that stems from either age-related or
developmental causes. Of those, 1.5 million people endure a developmental retinal disorder. In the
developing retina, neural cells undergo a series of highly complicated differentiation and migration
process. A main cause of these diseases is abnormal collective migration of neural progenitors hindering
the retinogenesis process. However, our grasp of collective migration and signaling molecules, critical to
the developing retina, is incompletely understood. Understanding the molecular mechanisms, such as the
fibroblast growth factor pathway, that regulate glial and neuronal migration provides decisive insights in
retinal dysfunctions due to abnormal neural (neuronal and glial cell) migration. Since retinal glia did not
migrate chemotactically, as individual cells or glial clusters, it is quintessential to examine the collective
migration of glial cells in concert with neuronal cells as well. Consequently, additional research efforts are
needed to combat retinal dysfunctions from a genetic and cellular standpoint, and to create effective
therapy.
In this thesis, to observe the underlying problems involved in abnormal collective neural cell migration,
an animal model was selected to recreate the retinogenesis process. The animal model of interest is the
Drosophila Melanogaster, commonly known as the fruitfly. These invertebrates are very similar to
vertebrates in terms of their protein mutations. To emulate the microenvironment of the developing eye,
a highly controlled system is required. We developed a novel and efficient microfluidic system called the
micro-optic stalk (μOS) that geometrically approximates the microenvironment of the optic stalk in
Drosophila Melanogaster. After several iterations, the system was simulated by COMSOL MultiPhysics,
created by two-layer photolithography and soft-lithography, and validated with FITC-dextran. The μOS
was coated with Concanavalin A (ConA), seeded with 15 dissociated brain complexes from third instar
larvae, the prime retina development phase for Drosophila. A fibroblast growth factor-8 (FGF-8) gradient
(100ng/mL) was applied and images of the cell migration were taken every 30 seconds for 4 hours. The

results showed that clusters experienced a gradient dependent system, indicating that as the gradient
increased, net displacement increased as well. The small and large clusters had significant increase in
average net displacement from low to high gradients of 20.9±5.2 to 79.4±19.2 μm and 26.0±9.6 to
106.2±12.4 μm, respectively. The clusters also expressed a chemotactic relationship with FGF-8 from the
average directionality being greater than 0.5. Future work will focus on introducing a knockdown system
for FGF receptor (FGFR), a mammalian homolog to Drosophila breathless (btl) gene, to observe the
migration of glia- and neuron-specific btl knockdown.
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INTRODUCTION
1.1 RETINOGENESIS
Over 172 million people suffer from retinal disorders. Of those, more than 1.5 million people worldwide
have developmental related retinal disorders. These include retinitis pigmentosa, pediatric cataracts, and
retinopathy of prematurity [1, 2]. These disorders stem from aberrant cell migration in the developing eye
[3]. Based on the statistics, the need for retinal disorder treatments is key to meet the exponentially
growing demand. There has been extensive research within these areas. Gene therapy for RPE65-Leber
congenital amaurosis [4-7], MERTK-associated autosomal recessive retinitis pigmentosa [8-12], and
choroideremia [13-17] have been known to improve quality of life in many patients. Stem cell research
have indicated possible treatments for personalized medicine such as deriving optic vesicles from human
pluripotent stem cells known as retinal progenitor cells (RPCs) [18-21]. Novel drug delivery systems, such
as contact lenses releasing glaucoma medication [22], injections of biodegradable micro- and
nanoparticles [23], and surgically implanted systems [24] were developed to counter the development of
retinal diseases. Though there have been many possible treatments, there are still many underlying issues
that require further investigation.
1.1.A RETINA DEVELOPMENT
The retina, light-sensitive tissue layer in the eye, is composed of three layers of neural cells:
photoreceptors, bipolar cells, and ganglion cells. Photoreceptors are directly sensitive to light and have
two cell types: rods and cones. Rods provide black-and-white vision and in dim settings, while cones are
responsible for color perception. Bipolar cells act as signal transmitters from photoreceptors to ganglion
cells. Ganglion cells function in refining immediate responses to light brightness [25-28]. In a developing
human retina, neural cells undergo a series of targeted, stepwise differentiation process. During
retinogenesis, the neural tube undergo invagination to create the optic pits. Afterwards, the optic pits
1

form optic vesicles. Then, the optic vesicle inverts itself and the neural tube constricts to form the optic
stalk (OS). The OS is the site of neural cell migration during retinogenesis [29-31]. The optic stalk acts as a
channel for the eventual optic nerve fibers extend to specific targets. For mammals, the optic tectum is
synonymous to the superior colliculus [32]. The purpose of the OS is vital because this is where
differentiating cells migrate to develop the retina of the eye and eventually develop the vertebrate version
of the optic nerve.
Therefore, disruption in early eye development processes produces ocular malformations and retinal
dysfunctions in humans [33]. Retina developmental phases offer in-depth perception of how these neural
cells undergo a regenerative process in cases of eye injuries and diseases. Nevertheless, further research
in aberrant neural chemotactic collective cells in the developing retina is required.
1.1.B CHEMOTAXIS IN RETINOGENESIS
Chemotaxis is the directional movement of a motile cell in a direction corresponding to a gradient of
increasing or decreasing concentration of a chemical or substance. In human body, the need for
chemotaxis is quintessential for the developing phases [34]. For differentiation to occur, cells migrate
from one location to another in a regulated and controlled process to hinder the development of diseases.
Cell migration occurs to maintain growth, differentiation and repair through the application of multiple
mechanisms. These mechanisms depend on how these group of cells interact and move with one another,
known as collective migration. Collective cell migration induces a different behavioral pattern from
individual cells. Generally, cell migration occurs by actin/ myosin protrusions through chemotactic and
mechanical cues. Cell clusters manipulate cadherin junctions to produce collective polarization, force
generation, decision making, and complex tissue organization [35]. While the chemotaxis of individual
cells has been studied extensively, the migration of collective cells may experience with different
mechanisms. Neural collectives require motile cells to retain cell-cell adhesions to maintain spatial
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relationships during the migration [36]. Understanding the chemotactic relationship among different cell
collectives may provide necessary insight into the vertebrate developmental phase, the malfunctions, and
malformations.
1.1.C GROWTH FACTORS IN RETINOGENESIS
Main causes of collective cell migration include the signaling transduction pathways and specific receptorligand binding. Genetic studies have indicated that signaling pathways of fibroblast growth factor (FGF)
impact abnormal retinal basal glial (RBG) migration within the OS [37, 38]. FGFs, small polypeptide growth
factors, play important roles as signaling molecules and promote fibroblast proliferation. Previous works
examined embryo and brain extracts to show the growth of chicken periosteal fibroblast. In 1973, the FGF
activity was first identified in an extract from bovine pituitary. According to various works, once
endothelial cells with the fibroblast growth factor receptor-1 (FGFR-1) were subjected to FGF, these cells
tend to migrate and proliferate. Therefore, FGFR-1 is vital for cell migration in vivo [39].
The FGF family has 22 components (Figure 1A). Each have both varying structure and function that bind
and activate fibroblast growth factor receptors (FGFRs) differently. In the FGF pathway, there are three
parts: RAS-MAP kinase pathway, PI3 kinase/ AKT pathway and the PLC pathway. FGF stimulates the
tyrosine phosphorylation of fibroblast growth factor receptor substrate (FRS). Guanine nucleotide
exchange factor (GRB2)- SRC homology 2 (SHP2)-GAB-1 complex is created and activates the RAS-MAP
kinase pathway and PI3 kinase/AKT pathway. RAS-MAP kinase pathway communicates through the
addition of phosphate groups to a protein. PI3 kinase/Akt pathway regulates the cell cycle and neural
stem cell growth and differentiation. PLC hydrolyzes phosphatidylinositol, generating inositol
triphosphate (IP3) and diacylglycerol (DAG). This results in the activation of protein kinase C (PKC). PKC
aids as a signaling molecule for signal transduction cascades. FGFR-1-mediated migration is regulated by
PI3-kinase and PLCγ activities. Once FGF has induced migration, the activation of the sarcoma family
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kinases (SRC) pathway occurs (Figure 1B) [37, 39, 40]. Of the FGFs, two main signaling growth factors have
been known to control glial differentiation, migration, and axonal wrapping central to vision in worms,
flies, rodents and humans.

FGF-2 (basic FGF)
The 18-kDa form of FGF-2 binds to FGF receptors (primarily FGFR-1 and -2) through sulfate proteoglycans
(HSPGs). FGF-2’s purpose is to promote cell proliferation, migration, and the cycling of normal stem cells
during development [41, 42]. This procures interest for future manipulation for collective cell migration.
FGF-8
This 22.4 kDa molecule binds to FGF receptors (primarily FGFR3C). They are essential for maintaining and
organizing the midbrain/hindbrain border during development. Through development, the FGF-8 goes to
regulate the growth and differentiation of progenitor cells to produce the midbrain and hindbrain.
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According to Crossely’s experiment, they could determine that FGF-8 induces repatterning of midbrain
and hindbrain structure [43, 44].
1.1.D MIGRATION ASSAYS
Usually, migration assays are employed to assess the chemotactic and migratory behavior of cells and
collective groups. Assays, such as Boyden [45], Dunn [46], and Zigmond chambers [47], typically rely on a
simplistic system, where cells are plated in one area and a chemoattractant is applied at a specified
distance from the cells to generate a diffusion-based gradient (Table 1). In living organisms, cells navigate
across tissues in response to gradients of biochemical cues. Though these systems generate simplistic and
non-quantitative gradients, a major downfall is that these gradients are not well controlled in a
reproducible fashion. Therefore, there is a need for a spatiotemporally defined microenvironment for in
vitro animal studies [48].

1.2 MICROFLUIDICS
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Of which, microfluidics is optimal for fluid control, behavior, and manipulation within a constrained to a
small scaled environment. Microfluidic devices produce spatiotemporal distributions of biochemical
molecules by controlling diffusive and convective transport [49, 50]. There are two types of gradient
generating microfluidic systems: (1) diffusion-based and (2) convection-based systems. Diffusion-based
systems allow soluble molecules to develop a gradient across a microchannel from a source reservoir to
a sink reservoir [51, 52]. These microchannels introduce high fluidic resistance, porous and semipermeable membranes. Typically, in these microchannels, obstacles are created to prevent convective
flow and isolate gradient forming regions from the source and sink. Diffusion based systems are more
effective in mimicking the cells’ in vivo environment [53]. Convection-based systems achieve steady state
gradients faster but introduce shear stress on the walls of the cell, countering in vivo environments [49,
51, 53].
1.2.A NUMERICAL SIMULATIONS IN MICROFLUIDICS
For most of fluidic systems, the necessity to describe the fluid motion plays a crucial role towards
predicting cell behavior and movement. The traditional Navier-Stokes equation (1) and continuity
equation are employed to study the velocity profile and volumetric flow rate. The assumptions include
steady state, laminar, incompressible, and Newtonian fluids [54].

𝜕𝑣

𝜌 ( 𝜕𝑡 + 𝑣 ⋅ 𝛻𝑣) = −𝛻𝑃 + 𝜌𝑔 + 𝜇𝛻 2 𝑣 (1)

To determine the concentration gradient developed across a fluidic system, the convection-diffusion
equation is evaluated to determine the concentration profile and mass transferred through the system
[55].
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ⅆ𝐶
ⅆ𝑡

+ 𝑢̅ ⋅ 𝛻̅𝐶 = 𝐷 ⋅ ∇2 𝐶 (2)

1.2.B CONVENTIONAL MICROFABRICATION TECHNIQUES
A major component of microfluidics is applications in microfabrication. Microfabrication is the
manufacturing of a microsystem through various techniques [56]. Currently, the most common is through
photolithography.
LAB BENCHTOP AND CLEANROOM PHOTOLITHOGRAPHY
For lithography, a light energy is passed through a pattern mask where an optical image is produced. It is
the process of using a photoresist, a photosensitive film, and a specific image to produce a pattern on a
substrate. The purpose of lithography is to create a mold for soft-lithography [57]. Soft-lithography is the
technique for fabricating or replicating structures using elastomeric stamps or molds. The goal of
developing a micro-mold is to generate a device that can load cells or possess electrical components [58].

1.2.C UNCONVENTIONAL MICROFABRICATION TECHNIQUES
Though photolithography is typically done in the cleanroom, there are alternative techniques to overcome
the financial burdens of the expensive technologies and the limited accessibility to these tools (Table 2).
These alternatives to this established method of fabrication include CNC Machining, 3-D printing and
diamond cutting.
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CNC MACHINING
One alternative to the traditional methods of photolithography is using a CNC machine to create an
extruded mold for elastomeric stamping. CNC is a subtractive manufacturing tool that utilizes computer
technology to cut, mills and carve material away [59]. The terminology for the incorporation of CNC in
microfluidics is “micromilling.” Many previous works have identified the effectiveness of micromilling in
microfluidics, such as Kit-On-A-Lid-Assays (KOALA) [60], different assays [56], and RNA, DNA, and protein
isolation [61, 62].
3-D PRINTING
Another unconventional use is a 3-D printer. A 3-D printer manipulates a solidified material under
computer control to create a three-dimensional object through additive manufacturing. This is the
counter to the CNC manufacturing that relies on removing from a bulk material. Currently, there is
stereolithography (SL), multi-jet modeling (MJM), and fused deposition modeling (FDM). SL involves a
photoresin and a focused laser or LED light source to created photopolymerization, a process by which
light causes chains of molecules to link, forming polymers [63]. This system is highly expensive and
8

employs multi-photonic optics to increase resolution [64-66]. Multi jet modeling (MJM) composes of an
inkjet head and curable liquid photopolymer polymerized by UV. Like the SL, these MJM printers are
expensive, and biocompatibility and biofunctionality studies remain unknown [67]. Fused deposition
modeling (FDM) or “thermoplastic extrusion” manipulates thermoplastic material from a motor-driven
nozzle head [68].
DIAMOND CUTTING
Diamond cutting requires expertise and finesse to cut away material using a diamond cutting tool. This
unique method is designed by Dr. Vazquez for practicing and learning to manipulate fluid prior to delving
into more expensive fabrication. This system produces a smaller version of the hemocytometer with
vacuum sealing grease.
1.2.D ELASTOMERIC STAMPING
Fabricated systems are typically created as a negative master mold. Once this has been established, a
polymer is selected to finally generate a useable device. The polymer of interest used was
polymethylsiloxane (PDMS) [69-75]. Use of PDMS in microfluidics was first developed and popularized by
Whitesides [69]. PDMS is a cross linked polymer with two components: a base and a curing agent. The
base contains vinyl groups and the curing agent is silicon hydride. PDMS is biocompatible, nontoxic, and
gas permeable, creating a microenvironment where cells can thrive. After this solidified device is
developed and tested for adhesion, the system is feasible for cell-based studies, such as the Drosophila
Melanogaster.
1.3 DROSOPHILA MELANOGASTER
Retinal dysfunctions in humans are caused by abnormal neural cell migration which can be attributed to
protein mutations in cells. The protein mutations caused by in humans and vertebrates are identical to
that in non-vertebrates, such as the Drosophila Melanogaster, known as the fruit fly (Figure 2). Modelling
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the retinal dysfunction in humans poses a lot of difficult due to the lack of available resources. Therefore,
conventional cell migration studies will rely on animal models, such as the visual system in the Drosophila
Melanogaster as a simple compartmentalized system, allowing for direct genetic mutation, in vivo
observation and in vitro imaging of the cells [38, 76].
1.3.A ANATOMY
The Drosophila Melanogaster is a holometabolous insect. The eggs hatch within 24 hours into a tiny worm
called the first instar larvae. After another 25 hours, the larvae molts into a larger wormlike form, the
second instar larva. After an additional 24 hours, the larvae finally molt into the large third instar larva, in
which it feeds and starts to climb upward out of its food to undergo pupation. In the third instar larvae
stage, the anatomical structure is denoted in Figure 2C [77, 78].

During the third instar larvae stage, the developing visual system consists of an eye imaginal disc (ID)
connected to developing brain lobes (BL) through a structure called the optic stalk (OS). The whole
structure is referred to as the Drosophila Eye Brain Complex [38, 79, 80] (Figure 3). The Drosophila eye
originates from the ID, which is composed of 800 units called ommatidia. Each eye unit contains eight
photoreceptors that send axons towards the CNS. In the Drosophila brain lobe, most of the cells include:
(1) undifferentiated neurons (primary and secondary), (2) glia, and (3) progenitors (neuroblasts) [81, 82].
During early larval development, different subtypes of glial cells differentiate in the central nervous

10

system (CNS) and accumulate in the OS [83, 84]. The perineurial glia from CNS migrate over carpet cells,
called subperineurial glial cells. The nuclei of the carpet glia are located at the junction between the OS
and the ID, whereas their anterior end grows along the eye disc until the morphogenetic furrow [85]. Glial
cells use growing axons from the photoreceptors and undifferentiated neurons as a substrate for
collective migration within the stalk. The perineurial glia within the eye disc migrate under fibroblast
growth factor (FGF) signaling. FGF8-like ligand Pyramus, expressed by the carpet glia, activates the FGF
receptor Heartless (Htl), expressed in ID glia and induces glial cell motility. Once these glial cells reach the
ends of the projected axons expressing Thisbe, another FGF8-like ligand, expression of the Sprouty
receptor occurs and negatively regulates the Heartless/FGFR signaling pathway, ending glia cell migration
and instigating differentiation [86-88]. Thus, FGF growth factor pathway controls glial development and
migration in a stepwise manner. As there have been extensive literature that explored the glia in the brain
lobe, there has been a lack of evidence in the effects of the progenitors (neuroblasts) on retina
development. This cell population remains unknown in its migratory behavior in the presence of the FGF
gradient.
In the retinogenesis process, populations of neural cells differentiate into photoreceptors and project
their developing axons through the optic stalk and the brain lobe. The overall process occurs through
chemotaxis. For collective cell migration, when chemical stimuli occur, glial cells and undifferentiated
neurons, in response, sense these chemical gradients and induce movement. Once the external
chemotactic gradient is sensed, this results in the activation of signaling pathways, culminating actin
filaments [39, 40]. However, the details of the signaling pathways and the mechanisms of how these
neural progenitor cells move in relationship with one another remains unclear [48, 89].
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[80]
1.3.B GENETICS
To study the neuronal and glial relationship in Drosophila visual system, GAL4-UAS system, a reporterenhancer system. is implemented. The system is a biochemical method to study gene expression and
function in organisms, which was developed by Hitoshi Kakidani and Nicholas Webster [90, 91]. There are
two parts: (1) Gal4 gene, which encodes the yeast transcription activator protein, and (2) UAS (Upstream
Activation Sequence), an enhancer to which GAL4 specifically binds to activate gene transcription. When
cells produce Gal4, the UAS is activated and the desired gene is turned on and starts producing the
resulting protein [90]. To identify the specific neural cell migration, the desired genes are the red and
green fluorescent protein tagged for glia (repo) and neurons (elav), respectively. Repo is a glial specific
homeodomain protein that is required for neural cell viability [92]. ELAV (embryonic lethal abnormal visual
system) gene is expressed in neurons in all stages of development (immature and mature neurons). The
ELAV protein belongs to a large superfamily of RNA-binding proteins that all have one or more repeats of
a well characterized RNA-binding domain [93] (Figure 2D).
1.4 STUDY AIMS
12

Development in the visual system are subject to many issues that often lead to blindness and
retinopathies. In this study, we focused on two aims: (1) develop a microenvironment that mimics the
role of the optic stalk in Drosophila Melanogaster third in-star larvae, and (2) evaluate the chemotactic
relationship in neural cells in a fibroblast growth factor gradient. For the first aim, a novel fluidic system
called the micro-optic stalk (μOS), was fabricated to model the retinogenesis process in Drosophila. The
system satisfied a series of criteria. These included the need to match the dimensions of the optic stalk in
Drosophila, efficient for multiple testing, and the condensation of the concentration gradient within the
optic stalk. The system was simulated for the FGF-8 gradient from COMSOL MultiPhysics and validated
with real data using 20kDa of FITC-dextran. For the second aim, the dissociated neural cells from the
Drosophila were tested in different extracellular matrices to ensure viability and adhesion in the fluidic
system. Extracellular matrices, such as poly-L-Lysine (PLL), collagen I (col1), concanavalin A (ConA), and
laminin (lam), play a significant role in providing a survivable environment for these different cell types.
The system was coated with ConA, subjected with the extracted cells, and introduced to explore the
chemotactic relationship of the neural cells. The Drosophila primary neural cells were closely examined
on how different clusters of glia and neurons migrated in unison in the presence of a growth factor,
fibroblast growth factor-8 (FGF-8). From these results, we can have a better understanding of the signaling
pathways involved in the retinogenesis process for Drosophila, providing necessary insight in the
underlying factors and development of new therapeutic agents for developmental retinal disorders.
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MATERIALS AND METHODS
2.1 FLY STOCKS

2.1.A GENETIC TAGGING
The Drosophila Melanogaster lines utilized in this study were the UAS-GFP wild type and a balanced line
established through crosses, UAS-mCD8-GFP; elav GAL4, which expresses GFP+ neurons. The UAS-Gal4
system, a binary expression system, was primarily utilized because a cell-specific promoter drives the
expression of the gene encoding Gal4, a transcription factor normally expressed in yeast. In a second
construct, a transgene of interest is regulated by a promoter sequence called an upstream activation
sequence (UAS). The Gal4 protein binds to the UAS sequence and efficiently drives expression of the
transgene[1]. Thus, the transgene expressed in cells are defined by the promoter regulating Gal4 [2]. The
Cyo on the 2nd chromosome gives the flies curly wings, and TM2 on the third gives enlarged and darker
color halters in the flies[3]. Flies were maintained on standard corn meal agar and kept at 25°C. Stocks
were flipped or transferred once a week to maintain lines.

2.1.B DISSECTION, DISSOCIATION AND TESTING OF EYE-BRAIN COMPLEXES
Third instar larval brain dissection and dissociation protocols were adapted from previous works[4]. All
steps were performed in a laminar flow hood to ensure sterility of established culture, as shown in Figure
4. Wandering third instar larvae were washed in 70% ethanol and 3X in autoclaved deionized water. Brain
complexes were dissected out using #5 stainless steel tweezers in phosphate buffered saline (PBS), and
washed once in Schneider’s medium supplemented in 10% (vol/vol) heat inactivated fetal bovine serum
(HIFBS) and 1% (vol/vol) penicillin streptomycin to remove excess cells and tissue. Brain complexes were
kept in 40 L of PBS on ice to hinder tissue degradation until 15-20 complexes were obtained. Brain
complexes were then incubated 1 mL of 0.5 mg/mL solution of collagenase at room temperature for 1 hr.
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The digested brain tissue was centrifuged at 2000 rpm for 5 minutes and washed twice by resuspending
in 1 mL of supplemented Schneider’s medium. Tissue was mechanically broken down into a cell
suspension by thoroughly pipetting the brains in 150 L of supplemented Schneider’s medium (10 L per
brain) and strained through a 40 μm cell strainer. Resulting cell cultures were incubated in a Barnstead
Labline L-C incubator at 27°C to ensure a suitable cell culture environment.

2.2 MICROFABRICATION TECHNIQUES

2.2.A LAB BENCHTOP AND CLEANROOM PHOTOLITHOGRAPHY
Photoresist (SU-8 2075) (SU-8 2000, MicroChem Corp., MA) was spun onto a 4-in silicon wafer at a
specified speed (4000rpm for 30s) to obtain a height of 40 μm. After prebaking at 65°C and 95°C, the wafer
was placed onto the mask aligner, where UV exposure was at a dose of 100mJ/s. The photomask was
aligned properly on the wafer and exposed. Then, for post-baking at 65°C for 5 minutes and at 95°C for
15 minutes, the substrate was mechanically agitated in the SU-8 developer. The substrate was rinsed with
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isopropanol (IPA) and deionized water (diH2O). The photolithographic process was completed at the CUNY
Advanced Science Research Center Nanofabrication Facility.

2.2.B CNC MACHINING
The CNC created aluminum mold was developed in SolidWorks and took over two hours to develop for
the two sections. The CNC used was the TRAK DPM SX2P and ProtoTRAK SMX at the CCNY Zahn Innovation
Center, which has a tolerance range of ±40µm. The material of interest for the experiment was aluminum
with an endmill size of 3/16-in (~0.5cm). The process was completed at the Hernandez Woodshop Lab at
CCNY.

2.2.C 3-D PRINTING
For the manufacturing portion of the fluidic system, a SolidWorks file was created like the CNC Machined
extruded mold of the channel. The 3-D printer used was Stratasys with PolyJet technology at the CCNY
Zahn’s Innovation Center. The material selected was VeroClear RGD810, which has a tensile strength of
50-65 MPa and a glass transition temperature of 52-54°C. The tolerance of the 3-D Printer was ±0.6mm
for this industrial printer.

2.2.D DIAMOND CUTTING
A cruder method for fluidic design was cutting four microslides (1oz) using a diamond cutter and a straight
edge. Two pieces had a length and width of 2.4 cm. Other two slides had a length of 2.4 cm and width of
0.6 cm. The four pieces were adhered to a 60mm polystyrene plate through vacuum sealing grease. The
manufacturing range for the diamond cutter is unspecified due to the dexterity of the individual.

2.2.E ELASTOMERIC STAMPING
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A mixture of 9:1 of Sylgard elastomeric base to elastomeric curing agent was placed in a 50mL conical
tube. The mixture was poured in a CNC developed aluminum mold and vacuumed for 15-20 minutes to
remove excess bubbles. The mold was baked in a 200-300°C oven for 15 minutes. Once the gel has
solidified, two 100μL pipette tips were placed over the pins to create two large source reservoirs. The
purpose of this is to ensure a pool of cell medium and to prevent the channel from drying out. A second
layer of mixture was applied in the mold and placed into oven for another 15 minutes. Then, the polymer
was removed from the mold. An ozone plasma gun was applied to both surfaces of the polymer and a
properly cleaned transparent glass slide for 10 second each. The plasma generated SiOH groups by the
oxidation of methyl groups, which then bond to each other on clean, dry, and flat surfaces if enough
mechanical force is applied. The polymer was pressed firmly onto the glass slide to prevent leakiness
(Figure 5).

2.3 MICROLANE SYSTEM DESIGN
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The μLane, a fluidic device, has been commonly utilized in the Vazquez lab for several cell-based studies
[5-7]. The μLane is created from a CNC Machined aluminum mold of two components: (1) The top is the
cap that adds height and three-dimensional shape to the PDMS device, and (2) the bottom piece is where
the design is of the microchannel. On the sides of the device, there are indentations around 0.5-in radius,
which permits a screwdriver to pry up the cap (Figure 5). This warrants ease of removal of the PDMS from
the aluminum mold. In Figure 6A, the μLane have three major layers: 1. Second Layer of PDMS, 2. First
Layer of PDMS, and 3. Glass Slide. The second layer has two large reservoirs acting as a sink and source.
They have volumes of 170 μL each. The first layer is where the channel is located, which has channel has
a diameter of Dc = 200 μm and length of ℓc= 13.5 mm, and the reservoirs have volumes (∀) of 10μL,
diameters (Dr) = 1.5mm and lengths (ℓr)=3 mm. Desiccating this first layer is crucial because air will create
excess air to be trapped in the device, thwarting image quality. For the third layer, the glass slide is crucial
for transparency to study cells in an inverted microscope.
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2.4 MICROOPTICSTALK DESIGN
The design of the μOS (micro Optic Stalk) is to mimic the controlled environment of the third in-star
Drosophila larvae developing brain-eye complex. The system is composed of three parts: (1) developing
brain lobe, (2) optic stalk (OS) and (3) eye imaginal disc. Typically, the neural progenitor cells migrate from
the brain lobe through the optic stalk into the eye imaginal disc. In this design (Figure 7), there is an array
of 8- OS and two large reservoirs to represent the brain lobe and eye imaginal disc. The OS has a length
(LOS) of 90 μm and diameters (DOS1) of 37 μm and (DOS2) of 35 μm since there is tapering effect of less than
12° along the axial length. The OS expands hemispherically to the two reservoirs. The eye imaginal disc
has a diameter of 500μm+/-23μm and brain lobe of diameter of 800μm+/-14μm. There are two inlet ports
above the array at an angle of 45° and one outlet port below the array 90°. The diameter and length of
the channels to array are approximately 75μm and 3x103μm, respectively. These values are determined
based on the average diameter of the dissociated Drosophila neural cells, and on the need to maintain
laminar flow. The reason for this system’s overall Y shape is to ensure proper mixing once the cells
encounter the growth factor of interest. From several literatures [8], phase separation of multiphase
microflows at the divergence point of Y-shaped microfluidic junctions is an effective way for integrating
continuous microstructured device. Unlike the μLane system, which was created by the micromold from
the CNC, the μOS had features smaller than 50μm, which required either a transparency or a chrome on
glass. A transparency (CAD Art Services, Bandon, OR) was created using AutoCAD to test the features.
However, since many of the channels were failing to appear after several photolithography processes in
the ASRC CUNY cleanroom, a chrome on glass design (Advance Reproductions Corp, Andover, MA) was
created from AutoCAD as well at a 5-in (12.7 cm) plate size, base type of quartz, a thickness of 0.09-in
(0.2286 cm), and coating type of chrome. The critical dimensions were 30 μm and a tolerance of ±1 μm.
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2.5 COATING OF DEVICES AND SUBJECTION OF CELLS IN DEVICE
For both fluidic systems, the devices were created through soft-lithography with PDMS at a ratio of 9:1.
Then the devices were sterilized with ethanol and washed three times with PBS. Prior to injecting the
dissociated neural cells of the Drosophila, the system was coated with a Concanavalin A (ConA) at a
concentration of 15μg/mL for two hours and washed with PBS under sterile conditions. The coating was
aspirated after 2 hours and washed with PBS. The device was placed in the flow hood to air dry. ConA is a
lectin from a specific jackfruit that has proven useful in applications requiring solid-phase immobilization
of glycoenzymes, especially those that have proved difficult to immobilize by traditional covalent coupling.
If necessary for certain applications, these couplings can be converted to covalent bindings by chemical
manipulation.

2.6 NUMERICAL SIMULATION AND VALIDATION TESTING
A two-dimensional numerical simulation of molecular transport within both fluidics systems (μLane and
μOS) was performed using a finite element model of the device created using COMSOL Multiphysics 4.3
(COMSOL Inc., Burlington, MA) [5]. Determining the 2-D flow system was to ensure that the concentration
gradient was condensed within the channels. COMSOL MultiPhysics was employed to determine the
velocity, pressure and concentration profile using the Navier Stokes and convection-diffusion equation.
The assumptions include that the system is at steady state, laminar, incompressible, gravity negligent,
constant density (ρ= 1070 kg/m3), and constant viscosity (μ= 0.00105 MPa*s).
The boundary conditions include the following: no slip and axial symmetry. The inlet flow rate is 0.01 μL/s
and the outlet flow rate is pressure driven (0 Pa). The diffusion coefficient is 1x10-13 m2/s and the inlet
concentration is 4.67mol/m3. The parameters were constructed through assuming the diffusivity of the
fluorescent beads to be approximately 1.35 x 10-11 mm2/s with a density of 1.05g/cm3 and a refractive
index of 1.59.
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To validate the model, FluoSpheres™ polystyrene microspheres at a diameter of 1 μm (589nm) and 20kDa
of FITC-dextran (Sigma-Aldrich, St. Louis, MO) were diluted at a concentration of 40 μg/mL with deionized
water and placed in the fluidic systems. The purpose of using FITC-dextran at 20kDa was to assess whether
the molecular weight would play a role in the diffusivity of the system, given that FGF-8 has a molecular
weight of 22.4kDa. The system was subjected with deionized water and 40 μg/mL of FITC-dextran, and
the fluorescence intensity was measured by ImageJ [9], which uses the line tool to draw across the channel
computed through plot profile (Figure 7).

2.7 VIABILITY TESTING
To ensure cells are surviving the microenvironment, ECMs were introduced in the fluidic system. After the
cells adhered to the surfaces, an XTT assay was utilized to measure the effects of three types of
extracellular matrices on the viability and adhesion of the Drosophila cells. The cell viability of the primary
neural cells cultured on the 3 substrates were tested in two separate experiments. Two 96 well plates
25

were coated with the 3 substrates as described above and primary neural cells were seeded into the wells.
After 24 hrs and 48 hrs, the Colorimetric Cell Viability Kit III (XTT) was used to examine cell viability,
normalized to the uncoated control absorbance values.

2.8 MIGRATION TESTING
After devices were all validated and properly coated, cells were placed into the system through a 1mL
syringe (BD Fischer Scientific). Once 1-2 hours of letting the cells settle into the system, old media is
removed by aspirating the surface and replacing it with new respective supplemented media. One of the
reservoirs is replaced with media with FGF-8. This generates a diffusive gradient across the system. Once
the gradient has been established into steady state, the system is placed into an incubated stage and
images are taken sequentially based on needs of the study. The Drosophila neural cells were placed in the
μLane system and in the μOS to test for its migratory pattern with FGF-8. Both systems were tested for at
most 8 hours.

2.9 IMAGING ANALYSIS AND STATISTICAL TESTING
2.9.A SCANNING ELECTRON IMAGING
To visualize the eye complex of the Drosophila, a scanning electron image was developed. Five UAS-GFP
adult Drosophila flies were slept in ice. Using both a brush and tweezers, the flies were adhered to carbon
tape on a small piece of silicon wafer. The flies were subjected to 20nm of gold from the 308UHR ultra
high-resolution coating system by Cressington. Afterwards, the gold coated flies were placed into the Zeiss
scanning electron microscope for assessment of their eye complex. The parameters to evaluate the flies
were at 6kV and 2.601A, and the stage was at a Z plane of 23.372 nm.

2.9.B MORPHOLOGICAL IMAGING
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To analyze dissociated cells, Nikon Eclipse TE2000 inverted microscope with a 20X objective was used, in
conjunction with the NIS Elements Imaging Software. ImageJ was used to measure the average area in the
single cells and two cluster types. In addition, the cell types within the brain complex were distinguished
by fluorescently tagging the neuronal cells to produce a green hue. The clusters of mixed cell types were
manually counted and estimated based on the specified fluorescence that the cells were modified to
produce. The percentage of glia to neurons in the brain-eye complex was determined from imaging (Figure
2B).

2.9.B MIGRATION IMAGING

Bright field and fluorescent images were taken under 20x magnification with a Nikon Eclipse TE2000
inverted microscope. For the μLane system, the images were taken every 1 hour for 8 hours at several
points defined in regions of high (GH), medium (GM), and low gradients (GL). For the μOS system, images
were taken every 30 seconds for 4 hours at points of GH, GM, and GL. The location of these gradients was
calculated from the points of inflection from the derivative of the normalized concentration profile to
produce a bell shaped curve.

Data was analyzed using ImageJ (NIH). Total cells and cell per brain were calculated through cell counting
with a hemocytometer and Trypan Blue. Cell clusters were organized into three distinct categories: (1)
single, (2) small clusters, and (3) large cluster. An average of 10 clusters and single cells were selected and
organized based on their area on ImageJ. They were then tracked individually on ImageJ using the Manual
Tracking plugin. The average path length, or sum of the distance travelled, net displacement, or the
distance from beginning to end timepoint, and directionality, which denotes how direct the cells moved,
was determined (Table 3). The results were presented by mean± standard error (SE) for each cluster type
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in each gradient. ANOVA for single factor testing with post-hoc Tukey test was employed, in which the p
<0.05 is considered statistically significant.
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RESULTS
3.1 MICROOPTICSTALK PROCESS
To mimic the microenvironment of the optic stalk, the device had to undergo several iterations. All devices
needed to fulfill several criteria points. They needed to match the dimensions of the optic stalk in
Drosophila based on the confocal image. The device must demonstrate efficiency for multiple testing.
Volume of reservoirs must be 100x greater than volume of the channels. Spacing of the posts are required
to be equivalent to the size of the channels. And, the concentration gradient must be condensed within
the channels. The iterations are shown in Figure 8A. Mod4 demonstrated to be the most optimal in
satisfying all the criteria. The system is composed of eight channels, sufficient volume for 15 brain
dissections (0.016 μL) to fill the entirety of the reservoirs and channels (0.005 μL) (Figure 8B). The channels
within the system have a length of 90 μm and a diameter of 37 μm with a slight tapering to 35 μm, since
the confocal image showed a tapering effect [1]. The master mold was created through a two-step
photolithography, using two layers of exposure: (1) Layer 1, a height of 10 μm with SU-8 2010, and (2)
Layer 2, a height of 40 μm with SU-8 2075 (Figure 8C-D). The master mold was created and the final PDMS
design is shown in Figure 8E-F.

30

3.2 SIMULATIONS WITH MICROOS
The results of the 2-D simulated velocity and concentration profiles are shown in Figure 9A-B. The X and
Y axis is length and width of the system in millimeters. Legends are shown on the right side indicating the
range of values corresponding to the map of profile. For the velocity legend, the red indicates the highest
velocity, which is 4x10-3m/s. For the concentration profile, the legend on the right indicates the varying
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concentrations. Red indicates the highest concentration of the FGF-8 (4.67 mol/m3) and blue indicates 0
mol/m3. The goal of this 2-D concentration profile is to ensure that there is a gradient condensed within
the optic stalk channels. Figure 9B is the 1-D projection of the concentration profile. This was established
using COMSOL MultiPhysics and the convection-diffusion equation. After determining the boundary
conditions, assumptions, and parameters, a time-dependent system was created by drawing a line across
the system. Then, the data was normalized to the maximum concentration. The gradients were
established by taking the derivative of the concentration profile. The location of the points of inflection
indicate the three gradients in the system (GH (0-0.05mm), GM (0.05-0.15mm), and GL (0.15-0.20mm)).
The graph in Figure 9C denote the real data of FITC-dextran as green circles overlaid on the simulated data.
The maximum error was calculated using the root means square equation, where n is the number of
datapoints.

𝑅𝑀𝑆𝐸 = √

∑(𝑦𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 −𝑦𝑟𝑒𝑎𝑙 𝑑𝑎𝑡𝑎 )2
𝑛

(3)

The average error was 1.63%. This indicates that the concentration profile predicted from the modeling
program matches closely in shape to that of the real data. Anything below 5% indicates that the data is
sufficient for analysis. In addition, the simulated concentration profile is established in 10 seconds and
maintains for 3-4 hours.
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3.3 CHARACTERIZATION OF DROSOPHILA PRIMARY CELLS
3.3A DROSOPHILA NEUROCLUSTER CHARACTERIZATION
The dissociated Drosophila neural cells were assessed in various conditions. The following figure denote
the single cells and clusters seen after 6 hours of incubation. The surface area was utilized to distinguish
the differences between the clusters. The values were evaluated for 15 cells for each cell group. Two
groups of clusters were observed: large clusters, containing more than 20 cells, and small clusters,
containing 4 to 20 cells. The surface areas of single cells, small clusters and large clusters were determined
to be 29.20±10.65, 313.25± 86.51, and 876.96±135.06 μm2 (mean± Standard error), respectively (Figure
10).

3.3B DROSOPHILA GLIA TO NEURON COMPOSITION
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The percentages of neuron and glia in the developing brain of third instar Drosophila larvae were obtained
through manual counting after fluorescently tagging the neuronal cells with the GFP protein. The average
percentages of neurons and glia, which was approximately around 68% and 32%, respectively (Figure 11).

3.3C VIABILITY TESTING WITH DROSOPHILA CELLS

Three matrices (ConA, PLL, and laminin) were compared based on cell viability through an XTT assay
outside of the fluidic systems on petri dishes. The uncoated petri dishes were used as a control. 10 cells
were analyzed for each substrate. However, based on the viability results, there was no statistical
difference among the three matrices after 24 and 48 hours (Figure 12). A qualitative observation of the
cell culture found that only ConA showed more extensions after 48 hours. On laminin, clustering occurred
without the indication of extensions. On PLL, there was a mixture of clean clusters, single cells and neural
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extensions. ConA was selected to coat the surface of the fluidic systems because though the cells for PLL
and laminin show more clustering on the petri dishes, the number of single cells to clusters in ConA
changes to 1:2 once they are placed into a fluidic system, hence the largest surface area of clusters on
ConA is 535 μm2.

3.4 MIGRATION TESTING WITH DROSOPHILA PRIMARY CELLS
3.4A ΜICROLANE MIGRATION WITH DROSOPHILA PRIMARY CELLS
The collective chemotaxis of the primary neural cells derived from the developing brain of third instar
Drosophila larvae were measured in the μLane system after they were subjected to the FGF-8 gradient
(Figure 13). After the μLanes were coated with ConA, images were taken under bright field at 40X
magnification every 1 hour for 8 hours. Large and small clusters were identified in the channel, where
pathlength and average net displacement were measured. For the small clusters, the average pathlength
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for control, GL, GM, and GH were 14.1±1.26, 98.6±7.84, 160.3±9.79, and 188.2±76.81 μm respectively.
For the large clusters, the average pathlength for control, GL, GM, and GH were 13.06±1.56, 144.6±8.23,
258.7±7.39, and 189.1±9.46 μm respectively. There was a statically significant difference between the
control group and the experimental groups that were exposed to an FGF-8 gradient (Figure 13).

3.4B ΜICROOS MIGRATION WITH DROSOPHILA PRIMARY CELLS
The μOS was created to provide a more in vivo environment that the Drosophila cells encounter during
the retinogenesis process. The dissociated cells were placed into the system coated in ConA and applied
FGF-8 to the upper left reservoir. (Figure 14). The net displacement and directionality were calculated for
each cell type (small and large clusters). For the small clusters, the average net displacement for the
control, GL, GM, and GH were 4.30±1.81, 20.9±5.17, 53.1±16.25, and 79.54±19.24 μm, respectively. The
average directionality for the GL, GM, and GH was 0.49±0.07, 0.84±0.11, and 0.83±0.10 μm, respectively.
For the large clusters, the average net displacement for the control, GL, GM, and GH were 1.33±1.96,
26.02±9.67, 31.1±11.49, and 106.2±12.41μm, respectively. The average directionality for the GL, GM, and
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GH was 0.54±0.20, 0.64±0.11, and 0.96±0.16 μm, respectively. There is no directionality for control cells
because these cells were not migrating. There was statistical significance among the clusters (Figure 15).
There was an overall increase in net displacement and directionality for both cluster types as gradients
increased in concentration.
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DISCUSSION
4.1 COMPARISON OF THE MICROFABRICATION TECHNIQUES
In microfabrication, the general technique involved in creating a fluidic system plays a significant role in
microfluidic studies. To optimize the manufacturing process of these systems, three unconventional
fabrication techniques were observed, assessed and analyzed to accommodate the needs of the
laboratory settings: CNC Machining, 3-D Printing, and Diamond cutting. Each of these fabrication
techniques revealed many advantages and disadvantages. The most promising technique for fabrication
is CNC, given its ease of use, inexpensive nature and wide manufacturing range. The μLane system was
created using the CNC on aluminum. However, since the μLane system posed many challenges in studying
the microenvironment in the optic stalk. An optimal system was required.
4.2 CHALLENGES WITH THE MICROLANE SYSTEM
The μLane system has been well-established by the Dr. Vazquez lab in investigating many cell-based
studies [1-3]. The system is simplistic and easily reproduced from the CNC mold. It does not require a
silicon wafer or photoresist. The bridged µLane enables sequential optical monitoring of individual cell
movement within predictable microenvironments that create precise spatial and temporal profiles of
attractant concentration and gradient. The molecular transport within the system was analyzed by solving
the constitutive relations of convective-diffusive flux exactly, as well as experimentally validating these
results using microbeads and fluorescent dyes [1]. However, the μLane system was able to generate a
quasi-steady state gradient after 8 hours, which is maintained for 18 hours [1]. By 18 hours, less than half
of the Drosophila neural cell population will survive to migrate. Contamination in the system is very likely,
since the Drosophila larvae are obtained from a yeast friendly environment. Hence, a heavy process of
sterilizing the environment is crucial for long-term migration studies with these dissociated cells. An
effective system would rely on a faster development of the gradient and its maintenance for 6-8 hours.
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Additionally, the geometric constraints for the μLane system was built for mammalian cells, but the
dimensional confinement does not suit the Drosophila neural cells, which have a diameter of 5-10μm. The
μLane channel is 5 times wider and 144 times longer than the expected dimensions of the optic stalk. This
lack of confinement allowed these neural cells to travel longer distances (longer pathlength) than what
was anticipated.
4.3 SOLUTIONS AND LIMITATIONS WITH THE MICROOS
The μOS system was optimized to better study the retinogenesis process in Drosophila. The reason for
this system’s overall Y shape is to ensure proper mixing once the cells encounter the growth factor of
interest. From several literatures [4], phase separation of multiphase microflows at the divergence point
of Y-shaped microfluidic junctions is an effective way for integrating continuous microstructured device.
The system is very novel in observing neural cell migration on the Drosophila scale. It can address the
criteria, which include the geometric confinements of the optic stalk in Drosophila, efficiency for multiple
testing, large reservoirs to 100x greater than volume of the channels, equivalent spacing of the posts and
channels, and maintenance of concentration gradient across optic stalk. In addition, the FGF-8 gradient is
established in 10 seconds and maintains for 3-4 hours in the μOS. This minimizes cell death and
contamination over time. Though the system is very novel and able to address the needs of the project,
there are limitations. Syringe loading the system causes cells to flow very rapidly through the system
without properly attaching. Therefore, a syringe pump is needed to ensure that cells flow are low speeds
through the system with a rate of 5μL/min. Another limitation is that since the system is so small,
dehydration will be problematic. Conducting migration testing outside of the incubated stage or
distancing the system from equipment that heat up quickly after many uses significantly minimized
dehydration. Creating the system with two-layer photolithography did introduce some difficulty in terms
of alignment. Placing alignment marks are crucial in the chrome on glass photomask.
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4.4 DROSOPHILA CELL ADHESION AND VIABILITY
Given that primary neural cells are directly extracted and deconstructed from the species of interest, these
cells will experience immense trauma, which accelerates apoptosis. Therefore, culturing of neuronal cells
is challenging since mature neurons do not undergo cell division. Cell viability is very low to obtain and
require immediacy in migration testing. The highest obtained viability for the Drosophila neural cells was
approximately 70% after 30 minutes from dissection. The sensitivity of the neural cells created challenges
in subjecting them in the migration studies. An effort to extend viability in the system is introducing an
adhesive environment.
For the viability and adhesion testing, primary Drosophila neural cells do not express morphological
changes like immortalized cell lines that can proliferate. These neural cells are exponentially dying, but
introducing an ECM may improve viability and adhesion over time. Adhesion was difficult to assess solely
based on the cell shape index (CSI) over time. The majority of Drosophila neural cell morphology maintains
a CSI of 1.0 over 48 hours. To overcome the issue of whether there was cell adhesion, cultures with
respective substrates were monitored over time using an XTT assay. After 48 hours, the cultures
experienced no statistical significance in terms of viability in the three ECMs. There were some
morphological changes, where ConA expressed more elongations known as neurites, but PLL and laminin
caused more clustering. The production of neurites signaled that microtubules on the surface on ConA
have been shown to play a critical role in the axon growth, and it has been assumed that microtubule
assembly is essential for axons to extend during development. Unexpectedly, a new process of sliding of
microtubules against each other by kinesin-1 is both necessary and sufficient for initial neurite growth
in Drosophila neurons [5]. Though previous works [6] have found that laminin was chosen since it was an
innately created molecule by the Drosophila, ConA was selected for the migration testing since it
demonstrated more neurite production. However, the ConA substrate has demonstrated a cementation
of cells to the surface after applying trypsin, a known protease that hydrolyzes proteins into individual
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amino acids. This inability to detach may alter the migration path by hindering the actual path length or
directionality. A way to overcome this is to combine ECMs and test for viability over time.
4.5 MIGRATION TESTING IN MICROLANE AND MICROOS
Based on the results from both fluidic systems, it is difficult to compare both systems since they have
different gradients across different channel lengths. However, by loosely observing the migration, neural
cells within the μLane system, the average pathlength among all cell types were significantly greater than
the pathlength in the μOS. This is because the width and length of the μLane is significantly greater than
the μOS. In the μOS system, the cell clusters showed gradient dependency. As the gradient concentration
increased, the net displacement increased in the two cluster types. For the average directionality, the
small and large clusters in the medium and high gradients were greater than 0.5, which indicates
chemotactic behavior. However, the small clusters in the low gradient experienced more chemokinesis.
Chemokinesis is a chemically prompted kinesis, a motile response of unicellular prokaryotic or eukaryotic
organisms to chemicals that cause the cell to make change in their migratory/swimming behavior [7]. This
indicates that the small clusters in the low gradients may experience convection from the initial cell
seeding process via syringe pump. In addition, single cells were observed in the system, but given the
specific aims, only cluster migration was assessed. In the μOS, the ratio of single cells to clusters were
5:12.

CONCLUSION
In this thesis, the specific aims were to develop a microenvironment to emulate the optic stalk in
Drosophila to examine and analyze the migration behavior of these neural cells in the presence of FGF-8.
The μOS system is a highly efficient and effective system that addresses the current issues that the μLane
experienced during migration testing. The μOS establishes a steady state condition within 1 minute that
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lasts for 3-4 hours. The environment approximates the geometric confinement of optic stalk in Drosophila.
Cell death and contamination is minimized in the μOS. From the migration testing of the μOS, all clusters
experienced a gradient dependent system and expressed chemotaxis in the presence of the FGF. In
addition, some future work will focus on introducing a knockdown system for FGFR. In the Drosophila, the
FGF receptor is encoded by the gene Breathless (btl). Observation of glia- and neuron-specific btl
knockdown migration will indicate more about signaling pathways in the system. Another will be
furthering the genetic tagging, where the neurons express GFP+ and glia express RFP+, in the μOS.
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